Abstract-The operating characteristics of a 140-GHz 14-W long pulse gyrotron are presented. The device is being used in dynamic nuclear polarization enhanced nuclear magnetic resonance (DNP/ NMR) spectroscopy experiments. The gyrotron yields 14 W peak power at 139.65 GHz from the TE(0,3) operating mode using a 12.3-kV 25-mA electron beam. Additionally, up to 12 W peak has been observed in the TE(2,3) mode at 136.90 GHz. A series of mode converters transform the TE(0,3) operating mode to the TE(1,1) mode. Experimental results are compared with nonlinear simulations and show reasonable agreement. The millimeter-wave output beam was imaged in a single shot using a pyroelectric camera. The mode patterns matched reasonably well to theory for both the TE(0,1) mode and the TE(1,1) mode. Repeatable mode patterns were obtained at intervals ranging from 0.8 s apart to 11 min apart at the output of the final mode converter.
I. INTRODUCTION
A 140-GHz 14-W-long pulse gyrotron is in use for dynamic nuclear polarization (DNP) enhanced nuclear magnetic resonance (NMR) spectroscopy experiments in the Francis Bitter Magnet Laboratory at the Massachusetts Institute of Technology (MIT), Cambridge. In order to increase the signal-to-noise ratio (SNR) of the spectrum, the sample is polarized by millimeter-wave radiation (MMW) introduced into the DNP probe near the electron Larmor frequency and by radio frequency radiation near the nuclear Larmor frequencies. SNR enhancement factors on the order of several hundred are possible using this technique [1] , [2] . A number of modest power, high-frequency gyrotrons have been built for various DNP applications recently [3] - [5] .
A gyrotron is a vacuum electron device (VED) employing a strong magnetic field, an electron beam, and an electromagnet- ically resonant cavity. Detailed descriptions of the physics and engineering features of the gyrotron may be found in several recent books [6] - [8] . The electrons gyrate around the magnetic field lines at the electron cyclotron frequency in a helical motion as they traverse through the tube structure. Inside the resonator, a fast wave interaction between the electron beam and MMW takes place which converts some of the transverse kinetic energy of the electron beam into MMW energy in the form of electromagnetic modes. The transverse dimensions of the resonator can be of the order of several wavelengths. This enables the generation of high average power at high frequencies in gyrotrons due to lower thermal losses in the resonator walls when compared to conventional slow wave devices, such as traveling wave tubes and backward wave oscillators. This gyrotron is based on an older design that was developed and used for plasma diagnostics [9] . That gyrotron was modified and used successfully for DNP/NMR research, and is described in detail in [10] . The gyrotron used a high-voltage electron gun, which operated at 40 to 65 kV, requiring cumbersome oil cooling. The gun was also a triode configuration with a cathode, modulation anode, and a ground anode. The present 140-GHz gyrotron system contains a new diode electron gun, which operates at a low voltage of 12.3 kV at up to 25 mA. Output pulses up to 15 s long at 50% duty cycle are possible. For single-pulse operation, an emission period as long as 5 min is easy to achieve. The lower voltage has resulted in a much simpler power supply system. This paper reports the operating characteristics of the present 140-GHz 14-W gyrotron. The presentation of this material is organized as follows: First, a brief overview of the gyrotron is presented, followed by the results of the experiments performed to map the operating characteristics which include a mode map, power and frequency measurements, simulations, and pyroelectric camera images of the mode patterns. In the final section, concluding remarks are given.
II. OVERVIEW
The system block diagram is shown in Fig. 1 . The hollow, annular electron beam is emitted from a thin, indirectly heated ring cathode of a magnetron injection gun (MIG) at one extreme of the tube. This beam is guided and compressed through the cavity circuit by a solenoidal magnetic field with a peak value of approximately 5.08 T centered in the interaction region. The potential between the cathode and anode surfaces of the MIG is 12.3 kV and the current can be controlled from about 10 to 30 mA by adjusting the alternating current (ac) heater filament current. The magnetic field at the cathode is fine tuned by means of a water cooled copper coil bolted to the outside of the superconducting magnet Dewar, which is capable of altering the cathode field by about 0.2 T. The vacuum base pressure is on the torr scale and the operating pressure is kept well below torr. A summary of the operating parameters for this gyrotron is presented in Table I .
The present gyrotron tube differs from the original tube mostly in the region of the electron gun. Most of the parts of the present electron gun were built by MIT and assembled by MIT, with exception of the cathode stalk, which was built by Semicon Associates (Lexington, KY). The previous design of the tube had very inefficient pumping with a small constriction, three 90 bends and nearly a meter of vacuum lines from the emitter region to a 40 L/s vacuum pump. In addition, the pumping configuration prevented proper baking of the entire gyrotron tube under vacuum. The present gun was designed to allow for direct pumping of the electron gun via four slots (0.74 cm 4.22 cm) cut through the cathode stalk for efficient pumping of the emitter (Fig. 2) . The cathode stalk alignment is controlled by shims between the two flanges at the base of the gun. The shims limit the depth of the flange cut into the copper gasket. The ac heater is insulated from the high voltage with a ceramic feed-through while two large ceramic breaks insulate the anode and the 8 L/s vacuum ion pump. The electron gun vacuum pump is located about 23 cm in a straight line from the emitter. The present design also allows for possible removal of the gyrotron tube from the superconducting magnet without disassembly (except for removal of the ion pump magnets). The tube can withstand being baked out at up to 200 . The electron gun was designed with a beam pitch factor of approximately 1.6, a beam radius of 1.86 mm (corresponding to the second radial maximum of the mode), and transverse optical velocity spread of 3.2% from simulations at the operating point using EGUN [11] . The calculated total transverse velocity spread including surface roughness and thermal effects [12] is approximately 6%. The actual beam pitch factor during operation is very sensitive to the magnetic field at the cathode.
After the electron beam passes through the beam tunnel, it enters the resonator section of the cavity (Fig. 3) . On the end of the cavity through which the electron beam enters, the resonator radius is downtapered toward the electron gun at an angle of 1 such that it is cut off to the operating MMW fields in the resonator in order to prevent power from leaking out. The gyrotron cavity resonator is a circular waveguide straight section 28.25 mm long (approximately 13 wavelengths) with a radius of 3.48 mm. In this section, the cyclotron resonance maser (CRM) instability causes some of the perpendicular momentum in the electron beam to be converted into MMW energy near the cyclotron frequency of the electrons. At the end of the straight section, the cavity radius is uptapered with a 2 angle. The uptaper allows this MMW radiation to diffract out of the cavity and is designed to prevent further interaction of the MMW and electron beam. The theoretical diffractive of the cavity is almost 7000. The theoretical ohmic is approximately 28 000, but we estimate a much smaller value of about 14 000. The calculated temperature rise in the cavity during CW operation is approximately 0.2 K.
The cavity is water cooled to prevent it from becoming detuned due to thermal expansion. The heat lost by the finite electrical conductivity of the copper is carried away by a watercooled jacket brazed to the cavity.
After the spent electron beam exits the cavity circuit, it is collected at the other extreme of the tube by a water-cooled collector.
The MMW radiation travels through the uptaper and collector sections and then propagates through a to axisymmetric rippled wall mode converter of beat periods followed by a to mode converter that also uses periods [9] . The efficiencies of each of these mode converters has been measured to over 99% [10] . A mirror and miter joint at the end of the second mode converter prevent stray electrons from striking the vacuum window and carry the mode out of the gyrotron via a 1.27-cm-diameter overmoded copper waveguide. The fused quartz window is 2.73 cm in diameter and 3.43 mm thick and is designed to be transparent to MMW at 140 GHz. An all-metal valve was added close to the quartz window for connecting a turbo pump during bake-out.
Outside of the gyrotron, the mode is converted to the mode using a serpentine rippled wall mode converter [13] . This mode converter was designed using coupled mode equations for a circular waveguide bent in a circular arc where one beat period is made up of two bent 6.53 cm long, 1.27 cm diameter copper sections with a bending radius of 1.21 m placed end to end. The structure consists of seven such periods yielding a design efficiency of over 94% at 140 GHz [14] . The structure was created by heating a copper pipe packed with sand and forcing it into a carved aluminum block to create the serpentine shape.
After this mode converter, the power is finally sent to the DNP probe by means of an overmoded cylindrical 1.27-cm-diameter copper waveguide. The losses in this waveguide total approximately 7 dB and the bulk of these losses appear in a downtaper section just before entry to the DNP probe [10] , [15] , [16] .
III. EXPERIMENTAL RESULTS
A harmonic heterodyne receiver system was used to measure the frequency of the gyrotron output. The receiver employs a low frequency local oscillator (LO) of between 8-18 GHz and a harmonic mixer to mix the gyrotron signal with a harmonic of the LO (typically the tenth harmonic). The intermediate frequency (IF) is limited to 150-500 MHz by bandpass filters and is amplified by a series of solid state amplifiers. The result is fast fourier analyzed on an oscilloscope. The LO frequency is counted by a frequency counter, multiplied by the harmonic number, and added to or subtracted from the IF to determine the gyrotron frequency. The system can accurately measure the gyrotron frequency to within 1 MHz or better.
The output power was measured using a 4-in analog Peltier junction dry calorimeter from Scientech Inc. We modified this calorimeter by applying a thin (approximately 0.3 mm) absorbing layer of 3M Nextel paint to enhance the absorption of MMW [17] . The power absorption has recently been measured at 140 GHz to be 82% using an E8363B Agilent Precision Network Analyzer (PNA) with Olsen Microwave Lab millimeter wave extenders that work in the WR-8 (90-140 GHz) band.
A. Mode Map
The mode map for this gyrotron was generated by holding the operating voltage fixed at 12.3 kV while scanning the main (Fig. 4) . The filament current was adjusted to keep the beam current at a nominal value of around 25 mA. The gyrotron was set to a duty cycle of 50% and a pulse length of 1 s. Table II lists the different modes and frequencies observed in generating this mode map. The measured frequencies were matched to theory through a cold cavity code originally developed by Fliflet and Read [18] . In this cold cavity code, the radius of the resonator had to be decreased from its theoretical value of 3.480 to 3.478 mm to match the measured frequency of the operating mode. The change in radius is consistent with the manufacturing tolerance of the cavity. The other frequencies were then consistent with the measured data. The axial profiles resulting from the cold cavity code indicated the axial mode index, while the resonant frequency and diffractive are output values from the code. A transient frequency shift of approximately 0.2 MHz during the first 3 s of the pulse at 12.3 kV has been observed due to the thermal expansion of the cavity. The sensitivity of frequency shift due to thermal expansion was found to be 2.2 MHz/K. Additionally, there are frequency fluctuations due to the power supply regulation on the order of 0.2 MHz. The gyrotron's frequency fluctuation sensitivity due to voltage ripple has been determined to be 0.14 ppm/V [10] , [19] .
The interaction was modeled using a nonlinear time dependent simulation code MAGY, developed jointly at the University of Maryland and the Naval Research Laboratory [20] . The MAGY simulation is compared to the measured power from this cavity design in the mode in Fig. 5 over a range of main magnetic field. Using a calculated transverse velocity spread of 6% for the simulation and a conductivity of half that of ideal copper for the cavity walls, a beam pitch factor of 1.45 resulted in a good fit to the measured data. Other operating parameters were the same as in Table I . The actual value of beam pitch factor in experiment is very sensitive to the magnetic field at the cathode, and it appears that the low beam pitch factor, lower than the design value of 1.6, is limiting the output power.
The theoretical minimum oscillation start current for the operating mode was calculated to be 10 mA [21] at 12.3 kV, 5.08 T, and a total factor of approximately 5000. This simulated value matched the experimentally observed value under the same conditions.
B. Millimeter-Wave Imaging
The MMW output of the gyrotron was imaged using the Pyrocam III pyroelectric camera detector from Spiricon, Inc. [22] . This camera consists of an array of 124-by-124 calibrated pyroelectric sensors with a spacing of 100 m between each pixel. There is a motorized chopper blade over the sensor array which can operate at 48 or 24 Hz, or can be externally triggered for pulse operation. The chopper is necessary for CW beams because the pyroelectric crystals are only sensitive to changes in signal. Although this camera was designed for laser applications for wavelengths in the Terahertz range and was tested at frequencies as low as 0.2 THz (1.5 mm wavelength) [23] , we have found that it also works very well at microwave frequencies where the wavelength is above 2 mm, provided the waveguide aperture is small enough and the maximum power rating for the sensor is not exceeded. To our knowledge, this is the first time that a millimeter wave beam of such long wavelength has been directly imaged with a high resolution and high speed camera. Similar measurements have also been made of a 250 GHz (1.2-mm wavelength) gyrotron beam at MIT by Bajaj et al. [24] .
The pyroelectric camera provides the operator the advantage of viewing the mode pattern in real time and can thus be used to follow the beam shape over time in increments as small as tens of milliseconds. This may be advantageous for systems where the power output is not stable over time. It can also be set up at various points in a beam system as an aid in alignment and measurement. The pyroelectric camera ratings are listed in Table III . Two measurements were made using the camera: one at the gyrotron output window and the other at the end of the to mode converter. In both cases, the pyroelectric camera was placed as close to the output as the chopper would allow, with the sensor less than three wavelengths away from the output aperture in both cases.
The measured and calculated mode patterns are shown in Fig. 6(a) and (b) , respectively, near the quartz window where the pattern should match the mode, and in Fig. 6 (c) and (d) after the final mode converter where the pattern should match the mode. The experimental patterns were captured at low power (approximately 0.4 W average) to avoid damage to the pyroelectric camera. While there is evidence of mode mixtures, the measured mode patterns matched well enough to the theoretical patterns for our present application. Fig. 7 (a) and (b) shows two adjacent images of the final mode converter output captured 0.8 s apart. Fig. 7(c) and (d) shows the same mode captured 11 min apart. These images show the excellent repeatability of the gyrotron pulses and the capability of the camera to monitor the long term stability of the gyrotron output beam.
IV. CONCLUSION
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